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TLLUSTRATIONS

sehwenutic of precision low-frequency bridge.

, 3
Fhotographs of bridge switch,

Photogruphs of bridge extension: (a) for above

ambient; (b) for below ambieat.

Reentrant cavity: (a) cross section; (b) photographi;
(2) symmetry plane; (d) equivalent circuit of

vecontra~ - cavity.
Equipment for measurement of  of reentrant cavity.

Higlhi-temperature pressure welding of resonant cavity;
{2} foil formed on mandrel, two are made, Faces are

welded by hor-pressing; (b) welding of flanges by

hot-nressing with sample inside; (c¢) finished dielectric-~

filled cavity; (d) cavity in graphite contsiner as

used during measvrements,



INTRODUCTION T

< the first section of this report extensions of peasurement technices
developed since March 31, 1970, are described, These include a method for usirg
the dielectric-filled cavity technigue with softe materials, gstails of design for
a 100 Miz reentrant covity, and the use of a light pipe for 3-om measurements.
The next section discusses programming for dielectric calculations. The final

section lists messurewent data on materials arnd is supplementary to AFML-TR-70-138.
MEASUREMENT INSTRUMENTATION AND TECHNIQUES

. *
Low-Frequency Bridge

Acquisition of a General Radio Type 1620-AP capacitance measuring assembly
has allowed us to recalibrate the precision capacitor used in our two-terminal
bridge for high-temperature measurements, The basic accuracy of 0.01%Z assures
that capacitance nmeasurzment errors on sclid samples will be negligible in compari-
son to thickness measurement errors.

Experience in measuring small (<2 pf) high-loss, three-terminal samples has
indicated the need for more precise wmeasurements than can be obtained with any
known direct-reading bridge. For example, the accuracy in measuring a l-pf,
l-megohm sample at 100 cycles is limited as follows:

The GR 1615 can be balanced oni, with M = 10 or zreater which limit capaci-
tance resolution to 0,01 pf (17Z). In addition, capacitance of the conductauce {G)
network causes an unspecified error,

On the GR 1616, the capacitance resolution is not a significant error, but
the specified possible error due to the capacitance of the G network is 0.03 pf (3%).

1) 2)

On our present laboratory bridges and the Cole--Gross bridge™ errors due
to the capacitance cf the G network «an be made small only by z sacrifice in sensi-
tivity by increased losding of tte detector terminals.

The Harris bridge avoids thc above problems by using a two-phase source but
the practical limit of air capacitors ir the G phase is about 1000 pf, corresponding
to a sample rcsistance of 1.6 megohms winimum at L00 cycles (if full voltage is
applied to the sample)HB)

A new bridge is under construction which should provide routine operation
wvith capacitance errsrs dee to the G network of 0,601 pf and provides an adjust-
ment to reduce the error toward zerc for any sampie with extra bridge balawces.

The bridge shown schematically in Fig. 1 is designed for use in the frequency

"range 0.5 Hz (with 1 volt) to 1 kilz. Six digit resolution in C is provided by 2

* Worl described In this ucctlion was jointly sponsored by ONR (Contract NOOOL4-
674-0204-0003) . :
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Fig, 1. Schematic of precision low-frequency bridge.

standard capacitors and 1000-turn transformer winding tapped at each turn. Six
digit resclution in ¢ is provided by using 100 turns of th2 transformer plus a
100-turn divider transformer plus a resistance potentiometer. These controls are
duplicated with a symmerrical construction in the sample side of the bridge; here
capacitors are adjusted to balance out the capacitance of the opposite conductivity
network. Assuming that the rransformer and C networks are ideal, successive
balances wade using phase-sensitive detectors and a series of samples with in-

creasing losy should lead to a properly compensated G network. 1In Fig. 2, the

re



R S

¥ig. Z. Photographs of bridge switch.

construction of the 1080 point, 2-circuit capacitance switch 1s shown in present

Lstate, Coatnct

o

s not shown will mount on the rotating cage and will coataet

ny in the phenelic druen,  The holes for these vins are shoun in a spiral pattern,

10 terms, 00 points per revolution,

Lrension for o Two-Terminal Dridge

A bacic problews exlots in
usipg our tus-terwinal wide-vange
. 4) N 5
pridee for both hor and «old
temperatarces, For high temper-
atures the coawial line con-
nccting the cample to the bridge {a

should go uwpuward frowe the bridge

to avold heat ¢r by convec~

tion ro the briduyc; for cold tem—

perature the sauple should be

below the bridge. YEf separate

sample holdeys are used for the
tuo temperature veygions, the
caaple musy be trersierred with
risk of wristure coatamination
and tuo cepurate celibratieans
of sauple holder cewecltance
ure reguived, Yo aveid this
provlet, we huve cosntrueted en

cotinsion with o swivel joint in

4 Worivonted rine, o shown in

Fig. 3. Photographs of bridge estenslon:
(2) for above ambient; (b) for below
ambient,

otLer cundeltor.,



Fhe fueer conductor size is 7/8 inch, These large conductors, combined with close

proxiwity of sulteh wnd sample, result in nominal line loss correction of 0.0002

in tan 6 at 1o Ml

Revonant Caviev for (00 Mz

As indicusted ir a previous teport,s) a high-temperature measuring system at
loo_ﬂﬂzfuoulﬁ be a desiruble addition in the temperature—iféquency plot of this
laboratory's capabiiities, A doubly-reentrant cavity (Fig. 4a) offers the possi-
bility of reasouna ly accurate loss measurements to 2000°C. Direct measurement of
absolute value of k' might not be accurate (because of expansion effects in the
cavity), but comparisous between materials should be satisfactory. The equivalent
lumped circuit of the cavity is visuvalized by cutting the outer conductor on tle
center plane, The shorted coaxial line sections at each end are less than M4
long; at cne frequency their equivalent is & lumped inductor (Fig. 4d), The
center capacitor is divided into two sections by the center plane; each capacitor
has the valve 2C. Resonance obviously occurs when ZmZLC = 1 in the equivalent
series circult wher the outer corductor is reconnected. Calculations of theoretical
losses for an empty cavity show the losses separated into 4 parts:

1, Resistance of outar conductor of coaxial line,

2. Resistance of inuer conductor of coaxial line,

3. Resistance of shorting plane at end of line.

4. Resistance of electrodes.

In Table 1 are tabulated the results of calculations for 3 cavities, ail copper at
25°C, inner conductor and electrode face of Pt at 25°C, and the same at 1600°C. The
mzasured value of Q for the copper cavity incluaes the coantact loszes of the spring
fing2rs jolnt, coupling losses to generator and detector, and dielectric loss in the
heat-shielded material; the 25°C, 100-MHz value is 4350. Figure 5 shows the equip-

ment used for determining Q by the frequency variation rethcd.

Table 1, Losses ia reentrant cavity at 100 MHz, C8 = 33,9 pf.

—
Conductors Rl R2 R3 Ré4 Q
Copper, 25°% 0,22 0,92 2,61 0.10 6100
Part Cu, part Pt, 25°C 0.22 2.27 2,61 9.51 4175
" " 1600°¢ | 0.22 6.00 2.61 1.34 2305
Copper, " 25°C 0,47 1.79 3.20 0.26 6400
*
At 150 MHz € = 14,6 pf,
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Fig. 4. Reentrant cavity; (a) cross section; (b) photograph; (c) symmetry
plane; (d) equivalent circuit of reentrant cavity.



Cavity
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Hesonany~Cuvioy Method for Soft Materlals:

Qur usuial procedure for measurilng materials gbove 1000°C hes been to foru e
Cdiclectric-fiiled cuvity of the szmple by wrapplng it with Pt or Pt-Rh foil and

R ¥

(b)

Yie, H,  High-teupurature pressure welding of resonant cavity; (a) foill formed on

sude.  Faces are welded by hot-pressing; (b) welding of
{lunzes by hot-oressing wlith saemple inside; (¢) finished dielectric-—filled
cavityy {(4) cavite ia graphive container os used during measurements.

ndrel, two ave
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welding the foll Ly hot-pressing egaipst the sample Saces. An alternate method

ls to make two flanped cups ay shown in Fig. 6 using graphite plunger and die.

Uith the sample in the cups, the rims are hot~pressed together. As uvgual, graphite

cups surround the zsample during meisurement, P
. - : \‘?

90~Glz Equipment

1’ s bridge equipment, s originally built, was intended for use with
relar .vely thin samples (<1 cn) and small diameter (5/8 inch), with an ahsorbing
tube surrounding the sample, Measurements on fused silica and pyrolytic graphite
have not yielded measurcble loss values. Longer samples showed ettenuation which
varied dependingy on the absorber; this indicates the beams of energy are not
narrow enough for long samples, Metallic tubes were substituted but have not been

fully evaluvated vo find minimum satisfactory diameter and length conbinations.



PROGRAMMING

Computation of k', k" in Standing-Wave Measurements

The computation procedure for covered samples less than 1.4 radians long
and mounted over a quarter wavelength in coaxial line has been previously given.s)
The program has been develeped for any length of sample in hollow wcveguide with
T8 mode, The same prugram may be used for a sample without covexr (by setdnh the
constants K1 and K2 equal to zero) and with coaxial line [by setting (A/Ac) equal
to zero]. The input data consist of node width with sample-in corrected for loss
in air-filled section of line (DS), the node position with sample-in (SN) and the

node position with sample out (AN). The value of anolx in the program is written

2W[XE - AN + SMN(I))/LW.

There are three common ways of taking the sample-out node position:
(1) Sample and cover are both removed, so empty holder is used. Then XE =
-(D2 + D3), where D2 and D3 are the thickness of cover and sample, respectively.
(2) Semple is removed, cover is left in same position., Then XE is the

calculzted value of X) with cover and empty sample space:

o oA =1[_ K1 - tan(2mD3/2) ]
XE = 55 tan. [1 + K2 tan(27D3/)) |°

(3) Sample holder (in which the top of the cover 1is located a distance dh
from the top of the holder) is rcmoved and replaced by a shorting plane. Then
XE = dh'

When the sample over quarter wavelength holder 1s used as in the previous

" program,

=
G
Sl

¢ -1 cot (27D3/A) + K1
an | T-K2 cot(2mD3/X)
In the programs and in the above e:pressions:

> = LW = wavelength in air-filled section of waveguide [hollow’

(TE modes) or coax . (TE mode)],

2
KL = - —-—-———l————l‘rz- tan[":l;n—z (Kiw - FC)1/2] ’
(k3% ~ FC) !



TKZ2 - - (< W - I-'C)l/2 tan[z;rm (KEW - FC)UZ], .

AV
K3=m.‘

| S
Loss@s in the cover are neglected but the program can be readily changed fo include

these losses 1if necessary. The wall losses in sample-filled sectiorn cre included
In the results as comp‘uted.

They are readily subtracted at the end of the computa-
tion.6) ‘
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FORTRAN IV G LEVEL 19 MAIN

PROGRAM X
THIN COVERED SAMPLE (<1.4 radlans) OVER QUARTER WAVELENGTH
IN HOLLOW GUIDE -

DATE = T11i5% 11758703

gnol INTEGER¥ G T ,JsKeNoNX

noo?z REALSR KlvKZ.K3.Y.XEQAN'SNvLWoonUS.DA'x'Avq'A2|82'214R59114!Mo
2RILND. 214 1INDZ14RDN,FRROR] yEROLDANLD,AIMyRE,TAY, 21 1RE, ZL1 IM,WE,

JCOSINE+FC Wy ZM, YL, TAHA,TANR,PIT1,2112, ZRIL,ONE,STEP(4)/1eD~2,1.D-3,

41eN=4,1eD=57,NDB+F(2)/1400,-1.00/ el

nong COMPLEX®™16 1162204234244 25¢2652742ZR,29,210,211,212,213,214%,2141,
2214, Z12NFW, 712RE, 7121M, 212SQ,GoHy215,22A,2ZINE, ZN0NE

nnos REAL®B SILLY(2),FAKE(2) ,FUN(2)

1nns FQUIVALENCE (SILLY(1)eZ11)(FAKE(1),Z)S),(FUN{1),21250Q)

N06 NIMENSION DSI(19),SN(17),DATE(18)

0eo7 NAMEL IST/IN/DSeSNeNX/CONST/DA AN GXE oKL yK23 K3 4FCoardy LUZDIT/K] K2,
2K3 o LW/DUT2/7I1+72+24429,A,8

o008 200 FORMAT(1X,1FA4)

anng 77 READUS,2NN,END=8R) DATE

o0l1n 2N1 FORMAT({1H]1,20X,18A4)

a1l WRITE(6,201) DATE

0ny2 READ(S,IN)

nn13 READ{S,CCNST}

nNolse WEITE(64 IN)

Nn1s . WRITE(6+CONST)

s 100 FIRMAT{LIHA ,5X 42HNS s 1NXe2HDS 11X, 2HKL 411X ,2HK2,12Xs 3HTAN,2IXs3HZL1,
231X43HZ214/7) '

onty WRITE(6+100)

anis IONE=(1.D0,N, DO}

0019 IOONE=(Ne NN ,100)

nNn2n PI1=31416,0~4

0021 PI12=62832,N-4

£N22 IR0=04D0

1023 ONE=1,00

0024 D0 1) 1=1,NX

nnz2s IFISN{I).EQ.,AN} GO 1O 10

on26 Y=PlI2® ( XE~AN¢SN(T) /LW

nnz27t Nx=0DS(I)~-DA

328 IFIDXeLEL2RD GO TO LN

anzag COSINE=DCNS(PIT*NX/LY ) *%2

7039 X=DSIN(PIT*DX/LW)/DSQRT {2,D2~COSINE)}

nn3l Y1=RTAN(Y)

dn3> 11 =1IJ0NE=Y]

01133 12A=20NE*X

nnis 12=12A-21

0035 I3=I0NE~-224%2]

DL EY I4=12/13

nN37 15=100NE*K ]

038 16=24+15

0039 1T=1 JONE®K 2

INGH 18=Z0NF+24%17

0041 19=28/126

na2 Z10=2Z00NE/K3

nte3’ I11=210%7Z9

nNo&y ZI1RE=SILLY( (1}

0N4&sS 711 IM=S1ILLY(2)

0046 I17250=COSQRT(Z11+(1,DN/3,0D0)%211%%2)

D047 A=FUN{1)

0n48 B=FUNL{2)

0049 160 TAHA=CTANH{A)

nnsn TANAR=DTAN(B?

nnsy A2=TAHA®{INFE+TANB*®2) /(ONE+TAHA®R 26 TANBN®2)

ons2 R2=TANB®{NNE-TAHA*®2)/ (ONE+TAHASS2ATANBE®? )

nas3 I14RE=ANADP-P4AD

nn54 214 TM=ARPTI+A%AD

9055 EXPORL =DSART((ZLA4RE~Z1IREI®CX24( 216 1U=-21114)&%2)

[a L od-Y N) " K=l,4

nDos?7 TAHA= DT ANM{ A}

3N58 no AN J=1,2

nns9 WF=OME+STEP(KIXE( S}

ansn 401 AGLN=R

1N61 T1410N=2141¥M

062 714ROD=114RE

N3 EROLD=ERRIN]

11
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PROCKAM I (cont.)
13 =l ey
TANB=DTANL Y
A2=TAHAR(INE+TANBS2 )/ ( INESTAHARE2ETANBESZ)

H2=TANUS (INE-TAHA®® 2) /{ INF+TAHASS2«TANBOE2 )
214EC=ARA-R*=HD

Tlatu=ARR2+3maD
FREJML=DSURTI{IL4RE~Z 1 IRE ) %% 24§ 7141 M=Z 11 1M} 6432
IF{CAROR1.LELERILD) GO TO 401
I14IMZ21410D
I14RE=Z 14ROC
H=AOLD
ERROR1=ERALD ) =

A0 LONTINUE
TANR=NTANLY)
Ny 700 g=1,2
WE=NNE+STEP (K 1¢F L)
&N AOLD=A
Z14PNP=Z14RE
11610D=2141M
ERILD=ERROAY
a=AvKE
TAHA=DT ANHI A)
B2=TAHA®(DONE« TANR®X2) £ [ONE+TAHARS? ST ANBEF 2 )
H2=TANB& (NNE-TAHAR®2) /{ONE+TAHAXK 24 TANB# &2 )
Z14RE=AX A2 -A"A?
7T14IM=A B ZeBeA:
FRRIR1=DSART({ZI4RE-Z1IIRE ) N&24(Z14IM-Z 1114} €%2)
TF(ERRONL 4LELEROLD) 6D TO 4N2
714RE=Z14200
2141M=214190
A=A0LD
EQRORL=FPNLA
70 CINTINUE
TFICPROR]JLEL,1eN=5) GO TO 450
407 CINTIMUE
45% 212PE=I10NE®A
7121M=70CNE*S
JI2NCW={212RE212TM) *x2
713=-Z12NFA*K3It%2
G=2IMESFC . “Q\Q\jf _
H= 7ONE* W ?\00
715=(G+213)/H °
T14R=I0ONE* 7 14RE
Z141=2JINE*71414 Y
214=714R+ 7141
E=FAKEL])
AIM==FAKE(2)
TAd=AIM/RE
IV FIRMAT (72X F R b eSXaF Tatey 5XsF305XsF 00 35X oFRe%s5XeE13a6+3XsF130h,
25X E13ebe2ALELIH)
APITE(6,307) SNII),DS(1) 2 REJAIM,TAN, 211,204
WRITE (A, PUT2)
1Y CONTINYGE

Q

T 7
H8 CALL EXIT
END
TYPICAL PRINT-OUT
NS DS Kl K2 TAN
C.625C 0.C700 30. 705 fo 965 0.1617
0.6310 0.0719 29,533 4. 894 0.2657
Ill ll4
~0.,2717080-21 0.4506940-02 -0.2717070-01 0. 450693D-02
~0.2%1066D~01 0.4439130-02 -0.2613690-0" N.4439150-02
EOUT
K1=-0.113189995:9%995¢% K2 -1.198499999999999 K3®  46,99499999999999
LEND

LWz 5,499999996999999



PROCRAM 11
LOVERRD SAMPLE O ANY LENCTH (i MALY VAVELERGTUS)

ACAINST SHORT IN HOLLOW COIDe

FORMGAN TY © (UVie  In MAIN OATE = %1112 17727744
_ . . - &

[HEEVH IRTEGFI 84 T .%o NeNX

anny REAL®H KL oK?oK3 Y o XEoANCSNoLW DX yDSeDAIX 1A, BsA2:B2,214RELL14TH,

ZRAJLD 214100, 714R0DJERRORL«EROILDAOLD - ATM(RE( TAR, J11RELZLLIN KE,
ACOS INEFC oW TMo YL TAHALTANB P IT 4P 1]1242ROLONE,STEP(221/0.10045e0 2
L42eD=70100205e0-3,2eD-342aM=3,5uD-%442eD=%s1aD=435,0=5¢2¢0-5,1aD-5.
5560650206010 D=601a0-T7¢16D~B¢1aD-9+160~1N"u140~1141D0~22/,NDB.
6FE2)71eDD e ~1D0/.SOLD

{UDE} COMPLEX® 16 71 e72023029e25e¢26+1T4284X94210+213+2124213.412104R2121,
27140 Z12NEWCILI?REVCZYI2IMe212504GoH 715220 20NE « 700NE

nens REAL®9 SILLY(21.FAKE(2)

anns SOUTYVALENCE (STLLY 1) 2a1b el TAKE(Ll)215)

096 NIMENSICN DSISA)SNISH) NIS6'.DATE(18)

0enT NMAMELIST/IN/DS o SNeNGNX/CONST/ DA, AM JHE oK1 s K2 K3, FL M LW/QUT /A,
P28¢714RET 14T MK JLERRORT « KOUNT o WE

Gonn 7200 FRRAAT{IX.1844)

naneg 77 READIS.20C.~ND=83) DATE

acn 201 FORMAT(INM1,.20x.1844)

n011 WRITE(6,20:1) DATE

nn12 REBDIS.IN)

I K READUS.COMST )

8014 WRITFL6.IN)

nois WRITFI6,CONST)

aMNin 179 FORMATEIHY 5% o 2HNS +6X s 2HDS s 6 X o LHN ¢ SN o 2HK 149X 4 2HK 249X 3HTAN,
218X.3HI11 28X 3H7L4 7/

neLr MRITE(6.100)

39918 TONE={1.,D00.,0.001

oG IOONE= (0. D0, Y4 DO)

neon 112314164 0~4

g2y PiI12=£2832.0~4

PNy IR0=0,00

nnr>? CNE=1aDM

an24 DO 10 1=1.NX

ners TFLSNG 1. EQa AN} GO TO 10

0926 Y=plI2®(XE-AN+SN{T)IZLW

0027 Nx=NS{I}=-DA

NO2AR THINXLLELZIRDY GO TN 16

({029 COSINEaDCOS{PIISNX /LW “e2

003N NeDSINCPIIRDX/LW] /DSORT (2, 00~70SINE)

noxy Y1=NTANIY )

aniy 71 =70NNE® Y1

ac33 JZ2A=IINE®X

05134 12=22A-11

0035 73:=70NE-12AR71}

Ll k¥ 14s¥2713

on37 Fr=I0INERK)

GHEY:] 16zL4¢715

06039 ) 7T=I00KE®K2

nnsn 26=7ONE+ I4% 27

6Nt 19>1767128

€n&? 710=/D3DNE®{~x3)

063 711=I10¢76

LL IS Z11RE=SILL Y1}

neLs J1ITH=STLLYI(2)

Nno&6 IM=0OSORT{ Z11RE®E2+711 IMee2)

nos7 TFINIT) JEQ. 1) GO TO 141

nnses TFINCI) JGEse 21 GD TC 142

0549 1641 TF(ZMOLELONEL AND, Z11REL GE« ZRO) GO TO 150

0nnsn IFI7MRLELNIELANDLZLIRELL TeZRO) GO TO 151

nos5) TF{IML T ONELANDL I11RELGELZRO) GO TO 152

LTV IF(IMGTLONELANDL Z11REL LT« ZROY GO TO 153

ansiy 147 TF{7HMeLFeONELANDLZL1RELGELZPOY GO TO 1TC

nnse IF T ML ONEANDS T1IRELLT L ZROY GC 70 171

[HleAR TF (M GT CNELANDL 71 1RELGE.7RD) GO YO 172

nnse TF{7HM GT.ONELANDL711RELLTLZRO) 20 0 173

[s1iL ¢ 159 R=0ONE -

0058 A<d 2ali=1eDX/LY

Bt59 €0 13 169

Go&en 151 h=2a)=1

nneL A-2 . D0&DX /LW

13




PROURAM 1T (cout.)

nrs? CTO AR

£ne3 1LY R=ONE

nNss A=6.NIRDX /LW

0065 .o T0 160

0066 153 R=18.n-1 -
0067 A=OX/LW -
LYY GO IO 160

0ne0 170 ND8=NCT)

noro A={ KDB-NNE ) 6PT [+7854, D-4

0o A=4e DICNX/ LM

0crz G0 TO 169

rn73 171 NDB=N(T}

0074 R=NNBPPI[-TB5440~4

nnTs Az DIEDX /LW

0076 G0 TN 160

0c77 172 NDB=NIT)

ng7Te B={24 DSNIA~1.DN1%157( 8,0~4-14D-1/ND8

0G79 A=NX/tLM

PLAD GO TO 16

neay TT3 NOA=N(I}Y .

noR2 B=( 2. NONDS~1, DN *15T708.0~4+1.)-1/ND8

con3 &=DX/LW

neRs 160 TAHA=NTANH(A)

neas TANR=DTAN(B)

nnses A2=T AHAS {ONF+TLNBRR2) / (ONE+ TAHABR 2G TANBRS 2)
ons? A2=TANRY(ONE-TAHARR2 | / (DNECTAHASR 28T ANIRBw Y)Y
DLRR Z14RE={ASA24BSA2) /(A®S2+BRe2 )

00AR9 714641M=(AYB2-8FA2 )/ (ARR248892 )

cean FRRORL=DSORT(( Z14RE-ZIIREIEX2+(Z141M- Z11IM)0%2)
0091 non 499 K=1,22

ong ? SOLD=STEP(K)

on93 TAHA=DTANH(A)

nngs DN enn y=1,2

rnos 420 WESINE+STEPIRKIRFLI)

LITETS KOUNT=0

€097 ALY MOUNT<KOUNTSS , 098 IF IKOUNT 6T 131 GO TO 411
4699 GG fn 425

r1a0 411 STFP(X)I=STEPIK&1N.NG

niny 6N TO 420

nin? 425 ROLD=A

nina 7141002714 14

0Ing 714R0OND=214RE

n1ns EROLND=FRROR]

0106 B=REWE

2107 TANA:DTANCR)Y

G1nR AZaTAMBS[ONE ¢ TANR®® 2] / (ONE+ TAHA®S 26 TANA®S 2}
01n9 A2 =TANGR (ONF -1 AHA®®2) / ((INE+TAHAUS 2# TANBE®2)
olie J14REa(ACA2¢BEAZ) /LA¥S 243002}

LIRS T14TM={ A\MR2-ANA2 }, (AVS2+0482)

68 B 4 FRRORL=DSORAT((J14RE-ZI1AEISS241214IM-2111M)022)
N3 [FIERRORLLLELERGLD) GO TQ 401

0114 714IM=714 0D

0115 1142C=214R0N

n11e A=HOLD

0117 FRRNR1=FROLD

IR STEPIK)I=S0LD

nito 6r CONTINUE

noo . TANBaDTANI®)

£121 no 740 J=1.2

0122 421 ME=ONE+STEPIKV®F(J)

ni122 KCUNT=C

n124 402 KOUNT=KIUNT+1 .

n125 IFIKOUNTL (T4l GO TO 412

0126 G0 10 428

M27 412 STEPIX)=STEP(K)I®10LDL

G12R G0 TO 421

r129 42A AOLD=A

n13n 7148ND=214RE

"3y 71410n=2141M

r132 ERNLD=FRANAL

QS A=ASWE

114 TAHA=DTANHIA)

135 AP=TAHAS (ONE+ TANRS® 2) /(ONE+ TAHA®S2& TAND¥S 2 )
A RTS N2 =TANE® (ONF~TAHAR®2) / (ONE+TAHARS 23 TANRS®2)
137 T14HT a(ARAZ4BEB2 1/ [ASS2 48922,

71138 I56M=1%0R2-BRA2 ) /I ARR2¢R$2)

n1139 FARNRL=DNEORT ((214RE-ZILIREIP®2+{2]14IM-2111IM)082}

1a

[ PR



PROCRAM 17 (Cont.)

0140 TFCERROR1LtE~AEROLD) GO .T0O 432
2151 I114REaZ14R0D
N2 7141R2714100 .
0143 A=ADLD ’ -
D144 ERROR1 2EROLD
LTS STEP(K)=SOLD
0146 760 CONTINUE
0147 IF{ERROR14LFaleD-6) GO TO 450
0148 400 CONTINUE
0149 450 712RE=2ONE®A
G150 2121 M=21ONESR
0151 Z12NEW={Z12RE+Z121M) %2
152 ZI13=~212NEWEK3I*82
0153 G=ZONESFC
0154 H=7ONESW
n15s 715=1G+213)/H
0156 714R=70ONE® 71 4RE
n157 Z141=7NONES 14 1M
0158 Z14=I14R+2141
0159 RE=FAKE(1)
0160 AIM==FAKE(2)
nisl TAN=ATM/RE
0162 3GD FORMAT(2XoFTa4 e3XeFTabe3Xe1203XeFT0be3XeF%06s3XsFIa6+3XeEL3abe
22X4E134643X,E130642XeELeE)
0163 WRITECG300) SNCI).DS{IIeNIT) REJAIM,TAM, 711,214
0164 10 CONTINUE
0165 GO TO 77
0166 88 CALL EXIY
D167 END
TYPICAL PRINT~OUT
NS ns N 31 K2 TAN
7.00N00 n.0100 1 la1471 2, 002666 0.002324
7.0n0) 1.0030 1 11138 0.453739 0.437376
645000 0.0100 1 1. 7884 0,U04175 0.C02335
64 5900 1.729% 1 1.5719 0650037 0.413534
6. 0000 0. G100 ] 3, 2139 0. 011904 0. 003704
640000 1.0300 1 2.0000 1. 525029 O 762.20
T. 5000 0.0100 2 6.9674 0.001903 D.Cu0273
7.5000 1.0000 2 6, 9787 0.325143 0.046591
7.0%0) C. 0120 2 743665 0.502279 0.000309
7.0002 1. 0000 2 7.2929 0.375678 0.051513
6.5000 0.0190 2 840271 C.DN5175 Ue 00C 645
6e 50N0 1.0000 ? 76436 De 681794 0.089198
60000 0.2100 2 11,0249 0. 039429 0.06357¢6
640000 1.0930 2 7.4015 1.728636 0. 233552
i1 Il4
De 2414320 C1 =~0,209141D-01 Oe 2414320 01 -0.209141D-01
0.6459020 00 -0.9386930 00 0s 8459020 00 -0, 938693D 00
~0.154392D0 01 -0,205383D-01 -0e¢154392D0 D1 -0,2053830-C1
0.3352290-02 -0.9350780 00 0e 3352200-02 <-0.935078D 0C
0.103465D0 06 -0.277013D~02 041034650 00 =0,277013D0-02
Ne 7152890-01 -04393698D 00 0.7152920-01 =2,3936980 00
09572150 0C =~0.278362D-02 0.957216D 60 -0, 2783630-C2
0.7807970 S0 -0.394979D 00 0+ 7BLT97D 00 ~N¢4 3949790 00
0e 2414320 €1 -042091410-01 0o 2414320 01 -0,2091410-01
0.845902D 00 -0G.c938693D 0OC 0.845902D0 00 -0, 9386940 ©C
-04154392D0 01 -0,2053830-01 -N4154392D0 Ul -0,2053830-01

0.3352290-02 -G,935078D0 GO 0. 3351370-02 <-0.9>5078D 00
~0.133465D0 00 ~0,2770130-02 -04103466D 00 -0.2770140-02
0. 7152890-01 -C,3936980 00 0, 715288D-C1 ~0.393698D 0O



INDEX T SIELECTRIC DATA

) - Page
L _ I. INORGANIC COMPOUNDS ¥

Alvminum oxide, single crystal, Union Carbide

" " melticrystalline, G.E. A~923 i:
A-1004 17
Boron nitrid ., hot-pressed, Battelle Memorial Tnst.iiut: 18
Magnesium aluminate (spinel), single cryszul, Union Carbide 18
Silica slipcast, Dynasil 18
Silica fiber, Philco Ford 18,19
Silica fiber phosphate, Whittaker Corp. 20
Silicon nitride, Admiralty Materials Lab, 20
II. MISCELLANEOUS INORGANICS AND MIXTURES
Concrete pavement, California Highway Department 21
Asphalt pavement, " " " 21
III. ORGANIC COMPOUNDS
(Listed accovding to source)
Budd, copper-clad laminate 22,23
Carborundum, EKONOL (polyester resin) : 23
Dodge Industries, FLUORGLAS E 650/2-1200 24
E.I. du Pont de Nemours, Nonex honeycombs 24
Iv. LIQUIDS
(Listed according to source)
Hercules Ine., VUL-CUP, a,al-bis(t-butyl peroxy) diidopropybenzene 25
" DI-CUP, dicumyl peroxide 25
Pennwalt Corp., Lucidol Div,., Lucidol, t-butyl perbenzoate 25
" " Lupersol 130, 2,5-d*rethyl-2,5-di(t-butylperoxy) hexyne-3 25
U.S. Peroxygen Div., Argus Chemical Corp., USP 333 26

Wallace & Tiernan Inc., Lupersol 101, 2,5~dimethyl-2,5-di(t~butylperoxy)hexane 2¢

16



| 1. INORGANIC COMPOUNDS

Aluminum oxide, single crystal Union Carbide, Electronics Div.

Sapphire )‘;1203 o -
; " Density at 25°C = 3,9840 g/cm3

i Freq. 3.45 ~ 3.33 GHz

i

3

11 ] Elc

TC K tan §

%; 25 9.39 <,0001

e 80 9.41 <.0001

v 240 9,49 <.0001

ig 377 9.62 <.0001

g% 526 9,83 <.0001

K 617 9.95 <,0001

E% 713 10,08 +,00015

it

%5 Aluminun oxide, multicrystalline General Electric Company

i% A-923 (97% A1,0,) \ A-1004 (94% 51203)3

Density 3,740 gfcm Density 3.649 g/cm

8

Freq. 3.74 - 3,37 GHz Freq. 3.80 ~ 3.61 GHz
T°C K tan § °c K tan &

25 9.31 .00039 25 9,02 .00076
99 9.41 .00042 100 9.11 .00078

184 9.58 .00053 200 9.26 .00081
281 9,72 00070 300 9.40 .00093
356 9.84 .00090 400 9.55 .00109
430 9.96 .00112 500 9.69 .00128
562 10,17 .00160 600 9,84 .00177

& 705 10,42 .00215 650 9.92 .00335

E 800 10.63 00265 700 10.00 .0093

% 903 10.86 .0033

5 973 10.98 +0040

E: 1025 11.17 .0045

4 1050 11.22 .0050

5 1109 1..38 .0060

= 1132 11.41 .010

5 17



Boren nitride Battelle Memorial Instituce

(hot-pressed, after vacuusm treatment)

Density in g/cm3

——— = o \"?
8.52 GHz, 25°C
Sample Density K tan §
115H7 - 4,37 .00G30
118H7 2,132 4,57 00025
Magnesium aluminate (spinel) MgOAl,0, . Union Carbide, Electronics Div.
Single crystal
Density at 25°C = 3,57389 g/cm]
i'veq. 4.23 - 4,07 GHz
° .
TC K+ 02 tan §
25 8.28 0601
150 8.42 0002
231 8454 .0002 |
297 8.64 .0003
421 8.85 .0010
455 8,91 .0025
Silica, slip-cast Dynasil Corp. of America
8.6 cHz, 25°C
Sample Density (g/cm3) K tan § »
DSCX-3 1.970 3.395 .00058
DSCX-8E 2,038 3.513 .00054%
Silica fiber composites Philco~Ford Corp., Aeronutronic Div.
8
Sample 1-VH-0-M-1, 25°C tmz) 10° 10° 107 7.5x107  1.8x10
- *
As received, K 2,779 2,777 2,777 2,775 2,772
*
density 1.536 g/em 10° tan 6 4.6 8.3 6.4  13.4 17
*
After 18 hrs, K 2,77 2.77 2.77
*
vacuum oven 280°C 104 tan § 4.6 9.1 11.5

Extrapolated values.

18
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f1lica fiber composites (cont.) Philco~Foxd Corp., Aeronutronic Div.

Sample 1-XB~0-M

Density 1.653 g/cm3 o 8.2 GHz -
— . T°C K .- “&-tan &
A3 received, Face 1 up 25 2,919 .0062
Face 2 up 25 2.956 .0064

After vacuum oven
80°C, 10 days

Face 2 up 25 2,938 .00162
Face 1 up 25 2,895 .00169
115 © 2,89 .0012

246 2.89 .0006

357 2.90 .0005

438 .0006

535 .0008

608 0010

710 .0014

805 .0020

908 0026

972 | .0028

1000 Y .0031*

25 2.89 .00042

*
Extrapolated values.

19



Stlica 4ibors in ciusminun phosphate matrix Whittaker Corp
v Al

Chenluran

8.52 GHz
Samnle % K tan 6 y Density (c/cm3)
—_— 1, as received 25 2,73 L0051 % 1.547
2, as . 25 2,70 .G060 1.543
2, arted” 25 2.68 .0043 (vt. loss .049%)
2, rnow humidity 25 "2.70 .0050
116 2.70 0050
235 2,71 .0053
410 2,71 .0089
495 2.71 .0105
580 2,72 .0140
673 2,72 L0177
760 2.72 .0228
327 2.73 .0265
91¢ 2.74 .0315
267 2.73 .038
3 25 2.71 .0047
; * 4 days at 120°¢C in vacuum oven,
Silicon nitride ceramic Admiralty Materials Laboratory
At B.52 CHz, densiry 2.449 g/cm3 '
¢ K tan &
25 S.54 .0036
170 5.54 .00375
323 5.54 .0040 .
446 5.55 .00365
586 5.55 .0030
674 5.56 .0050
: 714 5,57 .0054
g 864 5.58 .00615
3 912 5,59 .00630
i 491 5,63 00665
509 5.55 .0034
348 5.54 0040
20




ULacrete pavetie !t

53 Wt

Asphalt pavement

Sample Deavlry
S Bry
S Het
l,‘ Dry
L Wet

1

tan

tan

Lan

P

tan

SLECELLANEOUS TNORSANICS AND HALXTURES

C=

0.1
92,05
.0946
176.5
822

7,97
.,0913
69,2
1.088

Culiforniu-nighuay beparoment

10

© g

L0736

23.5
734

€.57
0526
13,2
.485

California Highway Departizent



Copper-clad laminate PE1153

E L

—3-terminal,
liquid im-
mersion,
unclad *
Declad T

3-terminal,
clad

2-terminal,
clad, meas.
12-21-70

3-terminal,
clad, 2nd
sample

2-terminal,
clad

EN

2-terminal,
unclad

25

25
26

-195

96
-250
25
~-54
-195
25
96
250

25

25

tan

tan

tan

tan

tan

tan

tan

tan

tan

tan

tan

tan

tan

tan

tan

tan

tan

(2]

(3]

III.

10

2,650
.0945

2,416

.00030

2,433
00042

2,495
.01816

2,843
2141

2,486
.0708

2,257
.0263

2,759
+0970

2,484
.00034

2,490
.00029

2,474
.01193

2,333
.01013

2,422
.00995

2,434
.0037

10

2,465
«0279

2,415
00033

2,421
+00050

2,475
.00307

2,504
.0491

2,398
01343

2,240
»00568

2,510
.0390

2,484
.00044

2,487
.00038

2,464
.00226

2,319
.00340

2,415
.00189

2,533
.00094

ORGANIC COMPOUNDS

The

10%

2.420

2,451

2.438
. 00484

2,414
»00036

2,417
»00052

2,471
.00083

2,457
.00811

2,389
.00230

2,232
.00238

2,459
.00748

2,484
«00065

2.&85
.00053

2,461
.00084

2,312
.C0177

2,431
.00061

Refers to sheet stock received without copper.

Budd Co., Polychem Division

10° 10° 10’
-
2.432
.00093
2.411
.60022
2,413
.00031
2.469  2.468  2.468
.00050  ,00055 00035
2.449
.00126
2.3“
.00050
2.222
,00111
2,451
.00115
2.479  2.464  2.456
.00062 ,00059 .00110
2.48% 2,482  2.470
.60028  .00049  .00091
2.462 - 2.458
.00050 - .00033
2,460  2.458  2.455
.00059 0005 .00068
2,309  2.298  2.295
.00147  .06097 .00070
2.428  2.416  2.413
.00035  .00052 .0005

Refers to a sumple made by mechanically stripping the copper~clad sheet,



; Copper-clad laminute PEL1IS3 (ceont.) The Budd Co., Polychem Divlsion
; Hegonout-Cavicy Measurcients:
3 ~ 8,5 Cllz, sample constralned in parallel direction, allowed to expand with
“ tempeﬁr_iti’zreragainst a fprce 30 1b/sq in the perpendicular_diregﬁicn. Unclad stock.
3 . kL El Thickness
1 TC K tan K tan § em
? -194 2,466 .00063 2,420 .00095 1.911
: -54 2,437 .00070 2,397 .0C104 1.917
g 23 2,421 60091 2,383 .00130 1.926
: 96 2,396 L2077 2.367 .00147 1.948
250 2,296 0072 2,246 .001.85 2.093
5 Standing~wave method, 25°C
E EH , nne plece unclad 2,387 .00128
Ei
3
gx EKONOL (polyester resin) The Carborundum gompany
7 Firequency, iz 1 K tan §
. 10° 25 3,210 .00289
4 10> 3.210 .00316
10* 3,185 .00336
10° 3.168 .00348
10° 3,156 .00325
10’ 3.148 .00220
10° 3,140 .00215
8.5x10° ¥ 3,120 .00281
99 3,11 .0030
155 3.08 .0040
207 3.07 .0061
284 3.04 .0104
] 350 3.03 .0230
£ 420 3.03 .0230
E; 217 2,99 .0067
E@ ¥ 25 2,96 .0025
i
3 23




VLUURGLAS E 650/2-1200

TFE~fiberglas laminate

— Freq., Gilz 1°C
8.5 3
4 ~195

Nonex honeycombs

At 8.52 GH=z

2,505
2.533

2 direction

E 1 double-layer
seam

Sample Dengity K

No.

1 1.398 1.0345
a 2.892 1,0519
3 3.938 1.0788
4 4,039 1.0608
5 4,124 1.0827
6 4,259 1.0863
7 4,701 1.0928
8 5.603 1.0990
g* 5.603 1.1010

*
At 100°C, all other v..lues at 25°C

tan §

.00089
.00165
.00176
.00187
.00274
.00197
.0N315
»00205
.00330

o
o~

Dodge Yadu-® ies, Yne.

E L P EN
Ttan 6% K tan 6
.0014 2,847 0036
00082 2.8%¢6 00172

E. I. du Pont de Nemours and Company

b direction

£ direction

E (t double-layer E Il holes
seam

¥ tan § K tan §
1,0441 »00141 1.0855 .00212
1.0669 .00229 1.0952 .00350
1,1258 .00326 1.1444 .0041
1.1020 .00278 1.1265 - 004
1,1045 .00359 1.1351 .0046
1.1340 .00382 1.1270 « 0045
1.1115 .00297 1.1455 .0047
1,1781 00468 1.1869 . 0065
1,1667 00628




V. LINUIDS °

Hercules inc.
DI-~-CUP

dicumv] percride

VUL-CUP

a,al-bis(t—butyl peroxy) diisopropylbenzene

o

25% _ - 25%
. . , <
Freq., Hz K tan § K tan &
162 2.633 .0011 2.79 .0073
103 .00011 l .00083
10* .000013 .000115
10° 1070 .000064
10° .00005 + 2 00040
1.8x10’ 2.97 .0032
6x30° \ N 2,73 .0025
10% 2.63 .005 + 2 2.70 .0050
10° 2,60 .0206 2.57 .0082
3x10° 2.56 .0378 2,515 .0078
8.5x10° 2.40 .056 2,495 .0044
99°¢
10° 2,26 L0116
3x10° 2,24 .0184
. Pennwalt Corp., Lucidol Div.
Lucidol Lupersol 130
t-butyl perbenzoate 2,5 w.methyl-2,5-di(t-butylperoxy)hexyne-3
25°¢ 25%¢
Freq., Hz K tan § Freq., Hz K tan 4
10° - - 10° 2,656 .00123
103 - - 10° .000123
10* 12,17 .17 10 000012
10° 12,17 .017 10° .000023
10° 12,1 .0027 10° .00012
10’ 12,0 .0095 10’ 2,655 ~.00121
108 11,2 0044 108 2.65 0066
10° 5.70 .252 10° 2.56 .0235
3x10° 4,07 .337 3x10° 2.50 .0344
8.5x20° 3.2 460 8.5x10° 2,39 .0505
99°¢
2,33 .0076
2,32 L0154

25




e

o)
[=}

USP 333

Frzq., Hz

»

b e R e b
©C © 0o 0o o O
0 ® NN s W

[
o

3x10°

8.5x10°

Lupersol 101
2,5~dimethyl~2,5-di (t-butylperoxy)hexane

Freq., Hz

&

10
10
10
10
10
10
3x10
8.5x10
2.4x10

O RN~ O

9
9
10

10
3x10

U.S. Peroxygen_b;v;, Argus chemical Corp.

25%
K

3.818

3.81
3.75
3.60

3,30

2.80

25%¢

2.66
2,66
2.66
2,65
2,64
2,62
2.58
2,41
2,26

99°C

2,02
2.02

26

tan §

%0170
.00170
.00017
.000027
.00021
.00157
0146
0842
.130
.1735

Wallace & Tierman Inc.

tan §

.000088
.000144
.000053
«00049
.0050
.0217
.0387
+057
.045

.0040
.0068



